ABSTRACT The nerves from the walking leg of lobster released acetylcholine (ACh) even when the ends were tied off, although this release was significantly increased when the nerve endings were not tied. The resting nerves were kept in sea water containing physostigmine. In absence of physostigmine no ACh was found in the surrounding fluid. Removal of Ca from the sea water reduced the release of ACh, while increased concentrations of Ca had no significant effect. Removal of Mg++ or increased Mg++ concentrations in the presence of normal Ca + + concentrations increased the release of ACh. Increased K+ concentrations had a stimulating action on the efflux of ACh. Increased or reduced Na+ concentrations had only slight effects on the release of ACh in resting lobster nerve. During the 4 hr observation period the excised nerves were still able to synthesize ACh. The choline acetylase activity was stimulated by increased concentrations of Mg + + and K+. The effects of ions on the release of ACh are similar to those reported at the junction.
INTRODUCTION
Although it is known that peripheral nerve contains acetylcholine (ACh) (1) (2) (3) (4) (5) (6) , little information is available about its release from the nerve axon proper. This problem is of particular interest since Nachmansohn (6) has postulated that it is the reaction of ACh with a component within the membrane that controls the permeability changes during the conduction of an impulse. While ACh has a strong action on the neuromuscular junction, it is inactive even in high concentrations when applied to most peripheral nerve fibers. Evidence has accumulated that this is due to the presence of structural permeability barriers which prevent ACh from reaching the excitable membrane of peripheral nerve (7) (8) (9) . These barriers will also make it difficult for internally released ACh to diffuse to the ouside. Only from freshly cut endings of the axon have significant amounts of ACh been reported to be released. This release can be increased by stimulation (1, 3, 4, (10) (11) (12) (13) (14) .
Recently it has been demonstrated that ACh has effects on the lobster walk-leased was 10.0 ug/g nerve during the 4 hr observation period (Fig. 2) . In the 1st hr, slightly less ACh was released than in the following 3 hr. At the end of the 4th hr, the nerves were homogenized and an average residue value was determined. The total concentration of ACh is the sum of these two values. Control nerves were homogenized immediately after dissection. Nerves with ends not tied released the same amount of ACh as those cut up into three or C D
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60 sec FIGURE 1 . Tracings of ACh bioassay with the frog's rectus abdominis muscle. A, contraction caused by 2 X 10 -7 M ACh, an unknown sample, and 3 X 10-7 M ACh. B shows the repetition of A. C, contraction caused by nerve homogenate incubated in sea water and 10-4 u physostigmine. No contraction is seen when the nerve is incubated in physostigmine free sea water. D, a contraction caused by 1.5 X 10-7 u ACh is inhibited by 5 X 10-a M atropine. E, a nerve homogenate boiled at pH 3 causes contraction, while boiling at pH 10 inhibits the contraction. F, contraction caused by 1.5 X 10-1 M ACh is inhibited by 5 X 0-6 M curare.
more samples (Fig. 3) , although the time course of the release was altered, the greatest amount occurring in the st hr. When only the middle part of the nerves was submerged, 1.6 -0.8 ,g/g/nerve was released during the 1st hr. When sea water without physostigmine was used, no ACh was detectable. ACh concentrations were identical irrespective of whether the homogenized suspensions were directly tested on the frog muscle or first acidified and boiled and then neutralized. In the absence of Ca ++ and Mg++ the ACh efflux was only slightly, if at all, lower but the residue amount was considerably higher (Table I) . A reduction of the Ca++ concentration by only 50% had no significant effect on the release mechanism, whether in the presence or the absence of Mg++. When Ca++ was reduced to 0 and Mg++ remained at the normal concentration, the release of ACh into the outside fluid markedly decreased (Fig. 4) . Removal of Mg++ without changing the Ca++ concentration caused a slight increase in release from the second to the fourth hr (Fig. 4) . However, the The total concentration of ACh is the sum of ACh released during the 4 hr period plus the residue. The control column indicates the amount of ACh found in a nerve homogenized immediately after dissection from the lobster. The total value for ACh shows more than a 50% increase when compared with that of the control. Normal sea water was used at pH 7.8 and 21°C.
nerves releasing the smallest amount of ACh, namely those kept in Ca++-free sea water, had the largest residue, while the residue of nerves kept in normal sea water or in Mg++-free solutions was smaller (Fig. 4) . When the Mg++ concentration of the sea water was greatly increased to 200 mM, the amount of ACh released into the outside fluid was considerably increased, while under the same condition but in absence of Ca++ the release markedly decreased (Fig. 5) . The Mg++-rich, Ca++-free nerves retained large amounts of ACh, but even in the presence of Ca++, more ACh was retained than under control conditions of normal sea water. This relationship was also true for the total amounts of ACh (last three columns of Fig. 5 ). (See also Table I for a twofold increase in Mg++.) A fourfold increase of the Ca++ concentration from 10 to 40 mM had a slight, if any, stimulating effect on the outflow of ACh. The removal of Mg++ under these conditions had no significant effect (Table I) .
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The Effect of K + on the Release of ACh
No significant changes in the outflow of ACh were found when the K+ concentration was reduced from 10 to 5 or 0 m. Increase in K + concentration from 10 to 20 or 40 mM stimulated the outflow of ACh (Table II) . Even the total amount of ACh increased according to the external K+ concentration.
The effects of 70 m K + presented in Fig. 6 were quite marked. The release,
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I~~~~~~~· residue, and total amount of ACh were all increased by this sevenfold increase in K+ concentration. Increase in the K+ concentration over that of the sea water caused a depolarization of the resting potential which in size was directly related to the external K+ concentration. An increase to 70 mM K+ depolarized the resting potential by 32 -3 mv; a solution of 500 mM depolarized it by 69 7 myv. The Effect of Na + on the Release of ACh
The removal of the entire Na+ (425 mM) from sea water caused a slightly increased outflow of ACh. A further slight increase was noticed when Na+ was replaced with isotonic sucrose solution. In both Na+-free solutions the total amount of ACh was greater than that in the normal sea water (Table II ). An increase in the Na+ concentration by 30% caused a somewhat greater outflow, while lowering the Na + by the same amount had no effect. Doubling the Na + concentration to 850 mM caused an increased release, while replacement of 425 mM of Na+ with sucrose caused a slight decrease in comparison to the control (Table II) . Na+-free sea water, replaced with an equiosmotic amount of sucrose, caused a hyperpolarization of 15 4 3 my after an initial small de- polarization. Smaller changes in Na+ concentration had no effect on the resting potential.
DISCUSSION
The theory assuming the action of ACh to be essential for the control of the ionic permeability of excitable membranes during electrical activity in axons as well as at junctions was partly based on the evidence that potent competitive and reversible inhibitors of either ACh-esterase or ACh receptoI reversibly block electrical activity of excitable membranes. This evidence seemed, however, not satisfactory to some investigators, who felt that it was essential to show in addition a direct action of ACh on axonal membranes. Direct The release of ACh, i.e. the appearance of the ester in extracellular perfusion fluid, was originally also considered to be confined to the junction. However, ACh release under resting conditions from dog sciatic and vagus nerve but not from toad sciatic nerve was reported, but unfortunately it was not stated whether the nerve endings were tied off (1) . Several other authors re-
ported ACh release from freshly cut vertebrate nerve endings during electrical activity (1, 3, (10) (11) (12) (13) (14) ; Lissak (4) reported release of ACh from intact nerve during electrical activity, while double the amount was released under similar conditions from the cut nerve endings. A more thorough evaluation of the ACh release from axons and the effects of ionic alterations on this release appeared desirable. The data presented in this paper unequivocally demonstrate a significant continuous release of ACh from the axon of the lobster walking leg. The increase in release with time might be due to an increased permeability caused by damage, lack of oxygen, and other factors. This release takes place only in presence of physostigmine, but this is a condition prevailing also at the junction. In fact, it was emphasized by Dale and his associates that ACh appears in the perfusion fluid of junctions only in presence of physostigmine (24) . Since physostigmine is a powerful inhibitor of ACh-esterase, the necessity of blocking the extremely rapid physiological removal mechanism in order to obtain an extracellular appearance raises the question whether this appearance takes place physiologically, i.e., with the enzyme at full activity.
The total amount of ACh in nerves used for the leakage experiments was in many cases close to twofold that of the control nerve, in which ACh was determined at the beginning of the experiment. This increase of total amount must apparently be attributed to a continuous ACh formation by choline acetylase. When the fibers were tied and not cut, the release was smaller than that observed from cut and untied fibers, but only in the cut fibers was an effect on the total amount formed noticeable. nerve endings is not surprising since even in the lobster nerve fibers permeability barriers still surround the axonal membrane.
In the absence of Ca++ the outflow of ACh into the sea water was markedly lower than that of Ca++-containing solutions. However, the formation of ACh was not affected. The residue was much higher than in the presence of Ca++. Thus, it seems that not the formation of ACh, but its outflow into the surrounding fluid, is impaired. This effect becomes even more striking when Mg++ are increased. Their presence apparently leads to a strongly increased ACh synthesis, as has been also reported for choline acetylase in vitro (25) (26) (27) ; nevertheless, the outflow into the surrounding medium is impaired in the absence of Ca++.
The importance of Ca++ and Mg++ in synaptic, and in particular in neuromuscular, transmission has been recognized for a long time (18, (28) (29) (30) . It is 4 3 2 known that the release of ACh during the nerve impulse fails when Ca is withdrawn from the external solution. The addition of Mg++ to a Ca + + -deficient nerve terminal will further decrease the release of ACh (31) (32) (33) . The interrelationship of Ca concentration and release of ACh in our experiments is in fairly good agreement with the dependency of the frequency of the miniature end plate potentials (MEPP) on Ca++ concentration. Reduction of Ca++ causes a decrease in the number of these potentials, while additional increase over the normal concentration shows no further stimulating effect (34) . The effect of Mg++ on the release mechanism of ACh on peripheral nerve corresponds also to its action on the frequency of the MEPP at the junction. The mechanism of ACh-release from nerve terminals has been discussed (18, 35) . The present experiments support the view that Ca++ facilitates the outflow of ACh and that Ca + + and Mg++ have a naturally antagonistic effect on the outflow. The mechanism of the Ca++ action in the process of the ACh outflow is as yet unknown.
As in other preparations (25, 36, 37) , increased K+ concentrations stimulated the outflow of ACh from the peripheral nerve of lobster. K + in increased concentrations also had a stimulating effect on ACh synthesis. An action of K+ in an isolated choline acetylase system has been described (38) . Alteration of the Na+ concentration in sea water caused only small changes in ACh outflow. It appeared that any change in the Na+ concentration slightly increased the outflow of ACh.
It is difficult to decide from our experiments whether the release of ACh from the resting peripheral nerve is increased by depolarization. As we have seen, an increase of K+ over the normal concentration of 10 mM will cause a proportional depolarization with an increased efflux of ACh simultaneously. This certainly would correspond to observations made on the nerve terminal (18) . We have also seen that increased K + has a stimulating effect on the synthesis of ACh. It is, therefore, difficult to determine whether the increased release in presence of high K+ is due to the depolarization, to increased synthesis, or, as might well be, to both effects. Depolarization is not the only factor leading to an increased release of ACh, as can be seen from the results with Ca++ and Mg++. While removal of Ca++ from sea water will cause a depolarization, the outflow of ACh drops significantly. The absence of Mg++ from sea water increases the outflow of ACh without a depolarization.
Our experiments indicate that without being stimulated the peripheral nerve of lobster continuously releases ACh. It is also of special interest that Ca++-, Mg++-, or K+-induced changes in the release of ACh are essentially the same as those described for the neuromuscular junction. The effects of electrical stimulation on the release of ACh are now being studied.
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